A multidirectional asymmetrical microlens array light control film (MAMA-LCF) which can direct light incident from multiple directions collectively for viewing is demonstrated in achieving much enhanced brightness in reflective color super twisted-nematic liquid crystal displays (STN-LCDs). The MAMA-LCF, constructed with an asymmetrical microlens array and laminated onto the front surface of reflective color STN-LCDs, can yield a maximum gain of about 5Â the MgO standard white in a typical viewing region without visible dispersion, moiré or parallax effects.
Introduction
Reflective color liquid crystal displays (LCDs) are being widely used as mobile information display devices, such as in mobile phones, personal-digital-assistants (PDAs), handheld personal computers (HPCs), and Game Boy units. Lowpower consumption, bright, and full-color displays are essential for the above applications. However, applications of reflective color LCDs are still limited due to low brightness and inadequate contrast ratio.
Many methods have been reported for improving the brightness and contrast ratio of reflective LCDs, such as the rough surface of a reflector, 1) holographic reflector, 2) front scattering film, 3) holographic light control film, 4, 5) and asymmetrical microlens array light control film (AMA-LCF).
6) AMA-LCFs constructed by cutting in the direction of the microlens array diameter to form an off-axis array and then laminating it onto the front surface of reflective LCDs, are effective yet low in cost. As shown in Figs. 1(a) and 1(b), oblique incident light can be reflected collectively to a nearnormal viewing zone and the specular reflection can be reflected to larger angles, yielding significant gain in brightness, and thus, improved image quality, as illustrated in Fig. 2. 
Multidirectional AMA-LCF
The AMA-LCF fabricated was for unidirectional ambient illumination. The brightness and contrast ratio enhancement decrease if the light source is not illuminated from the appropriate direction. Therefore, a multidirectional AMA-LCF (MAMA-LCF) with a fill factor of 100% was designed for a typical ambient environment to significantly improve image quality. In addition to high ambient light utilization, laminating the MAMA-LCF onto a reflective color-STN display can also yield a wide viewing angle. Moreover, color dispersion and the moiré effect, which occur with unidirectional AMA-LCFs, are eliminated.
In order to avoid color dispersion, the MAMA-LCF structure was modeled as multiple slit gratings of aperture width b and pitch h. Furthermore, color dispersion should be considered in terms of diffraction angle and intensity, which can be calculated from eqs. (1) and (2) 7) n ¼ h sin for n ¼ 0; AE1; AE2; Á Á Á ð1Þ
Here, n denotes the order of diffraction and is the angle of diffraction. Thus, from eq. (1), the relationship between wavelength and diffraction angle can be defined. A diffraction intensity I of different order is then derived using 
where I 0 is the zero-order diffraction intensity, ( ¼ 1=2kb sin and ¼ 1=2kh sin , is the diffraction angle which can be derived from eq. (1), and k is the wave number 2=. The factor N renders I ¼ I 0 when ¼ 0. Therefore, by comparing the intensity of different diffraction orders, we can determine which order is relevant, and then eq. (1) can be used to derive the dispersion angle. Accordingly, the human pupil and the viewing distance determine the minimum grating period of indistinguishable color dispersion, and are taken into account in the design of MAMA-LCF. Furthermore, in this design, the moiré pattern, 8, 9) which might occur when periodic LCF structures and periodic pixels of a color filter are superimposed, was also considered. The moiré pattern can be prevented by adopting a specific ratio of the periods of those two structures with a fixed angular difference, which can be calculated by the following equations:
where f 2 and f 1 are the frequencies of the periodic patterns on the color filter and MAMA-LCF, respectively. The vector (f u ; f v ) denotes the spatial frequency required for the moiré pattern to occur. The angle is the angular difference between two structures, and (k 1 ; k 2 ) are the harmonic terms of each frequency. Thus, the frequency f k 1 ;k 2 and the period T k 1 ;k 2 at which the moiré pattern occurs are given by the sum vector f :
The human eyes cannot resolve the moiré pattern with a period of less than 1. Because the frequency of the color filter (f 2 ) is fixed, the non-moiré frequency (f 1 ) and the orientation () of MAMA-LCF can be derived from eqs. (3)- (6) . Then, MAMA-LCF can be designed to have microlenses with multiple orientations, where each microlens has a different pitch and orientation. From the above calculations, an optimal size and arrangement of microlenses can be determined, so that the MAMA-LCF laminated onto a color STN-LCD can yield high brightness and wide viewing angle without visible color dispersion or the moiré pattern.
Simulation and Experiments

Simulation
According to the calculated results of eqs. (1) and (2), the intensity of the second-order diffraction from MAMA-LCF is much lower than that of the first order and can be neglected. We assumed the human pupil to be 3 mm in diameter and the viewing distance to be 30 cm, therefore the difference in the red (R), green (G), and blue (B) diffraction angles should be, at most, 0.573
. The three curves shown in Fig. 3 depict the diffraction angle for three different wavelengths and grating periods. It shows that the grating period of less than 25 m may cause a difference in the R, G, and B diffraction angle of larger than 0. 5 , resulting in visible dispersion. Accordingly, the minimum grating period of MAMA-LCF is 25 m.
The contour map 9) of the period number for the occurrence of moiré patterns, based on the calculated results of eqs. (3)- (6), is shown in Fig. 4 . The X-axis shows the angle between the two periodic structures, the Y-axis shows the ratio of the periods of the two structures, and the numbers on the contour line are the number of periods of the moiré pattern. In this design, the microlenses of MAMA-LCF are oriented in three different orientations and have three different period ratios, (0 , 3.0) and (AE45 , 2.1), which can prevent the moiré patterns from occurring, as shown in Fig. 4 . Therefore, the MAMA-LCF shown schematically in Fig. 5(b) , whose microlenses are rotated in three different orientations (0 , AE45 ) and rearranged into a particular structure, was designed and fabricated. The superimposition of a unidirectional LCF and a color STN-LCD caused several undesirable oblique strips, i.e., moiré patterns, which have been successfully eliminated by using the new MAMA-LCF, as shown in Figs. 6(a) and 6(b) . Additionally, to be applicable to a reflective color STN-LCD with pixel size with 210 m Â 210 m, there are more than 50 microlenses within each pixel. Thus, moiré patterns are not visible because the designed structure and the pitch of the microlenses are much smaller than the pixel size.
A simple reflective color STN-LCD configuration, as shown in Fig. 1(a) , whose parameters are listed in Table I , was used to simulate and design the light control function of the MAMA-LCF. By optimizing both the focal length and the lens configuration of the microlens array with the optical simulator ASAP, the light control effect of the MAMA-LCF can be optimized.
Experiments 3.2.1 Fabrication of multidirectional AMA-LCF
The off-axis microlens array is implemented with a binary Fresnel microlens structure because of its 100% fill factors and the easy construction of the asymmetrical microlens pattern. Furthermore, the binary Fresnel microlens is easily fabricated using standard VLSI processes of photolithography and reactive ion etching (RIE) on a Si wafer utilized as a substrate for making a father mold. Then, the Si substrate is electroplated with a nickel layer produce as a mother mold. Finally, this Si-based structure is duplicated from the mother mold on transparent plastic film, such as PVC, by stamping molding. The multidirectional LCF is then laminated onto the front surface of a LCD to realize the control of the distribution of the light reflected from reflective LCDs. Using these well-developed fabrication processes, a precise micro-optical structure can be produced economically and reproducibly in large volume.
Evaluation of morphological and optical properties
The surface structure and cross-sectional profile of MAMA-LCF were examined using an OLYMPUS BH2-UMA optical microscope and a Di Dimension 3100 atomic force microscope (AFM), respectively. The light control effect and the contrast improvement of MAMA-LCF are evaluated on a color-STN reflective test panel laminated with a MAMA-LCF. The distribution of reflected light from the test samples under À30 -collimated incident light was measured using ELDIM EZContrast 160R and an OZTUKA LCD evaluator 5100.
Results and Discussion
A four-level Fresnel microlens with three different orientations was fabricated. Figures 7(a) and 7(b) show the plane view and the cross-sectional profile of the microlens array structure on a Si substrate, respectively. The depth of the microlens array structure on a Si substrate was 921 nm, as shown in Fig. 7(b) , and the fabrication tolerance was better than 1.8% for the designed depth of 930 nm.
The experimental results of single-and multidirectional LCFs with illumination from various azimuthal directions were compared. The average reflectivity within a polar angle ¼ AE20
viewing cone is shown in Fig. 8 . It is clear that MAMA-LCF is able to redistribute the incident light from various directions into the typical near-normal viewing cone, and yields an average reflectivity of above 40% within the range of illumination angles (È) from À40 to 40 . At illumination angles of È ¼ 0 , average reflectivity is almost 70%. Multidirectional AMA-LCF can result in higher uniformity and higher average reflectivity than those of a unidirectional AMA-LCF within the viewing cone of ¼ AE20
. Additionally, after passing through the MAMA-LCF, a single ray does not diffuse into multirays, thus, parallax is not an issue, as shown schematically in Fig. 9 . MAMA-LCFs are fabricated on 0.10 mm thin foil to demonstrate their light control functions, using a reflective color STN-LCD as a display device. The on-axis reflectivity distribution and the reflected light profile under collimated illumination from (30 , 0 ) are shown in Fig. 10 . The reflectivity profiles for illumination from À30 reveals that the specular reflection of the mirror is also at 30
, but with MAMA-LCF, it is shifted from 30 to 14 and a maximum gain of more than approximately 5Â that of MgO standard white is obtained, as shown by the solid line in Fig. 10 . Moreover, reflectances over a wide viewing range from À15 to 75 of the polar angle and 100
to 260 of the azimuthal angle, as shown in Fig. 11 , are adequate for viewing.
The example photographs of the MAMA-LCF on a color STN-LCD, taken under ambient illumination are shown at the top of Fig. 12 . The bottom shows bare STN-LCD and STN-LCD with an 80% haze diffuser, which is commonly used to enhance the brightness of mobile displays. The image quality obtained using MAMA-LCF is clearly considerably enhanced.
To further enhance the image quality, various materials are being used to fabricate MAMA-LCFs, in order to achieve higher efficiency and a negligible birefringence effect. Furthermore, we are designing microlens arrays with various focal lengths that are better matched with LCD panels to expand the viewing angle in the vertical direction, in order to greatly improve the image quality of panels on such device as PDAs or even large reflective color displays.
Conclusion
The use of MAMA-LCF can effectively enhance the brightness and image quality of reflective color STNs in an ambient environment. The maximum reflectivity is almost 5Â that of MgO standard white without visible dispersion, moiré patterns or the parallax effect. Moreover, the MAMA-LCF can result in an average reflectivity of above 40% for illumination angles (È) from À40 to 40 , and a wide distribution of reflected light of significant gain over a viewing region from À15 to 75 of the polar angle and 100
to 260 of the azimuthal angle. Furthermore, MAMA-LCFs are easily fabricated by standard semiconductor processes on Si wafers used as stampers. The structure is then duplicated on a thin transparent plastic film, such as PVC, by injection/ stamping molding. By using these well-developed fabrication processes, the designed microlens structure can be produced economically and reproducibly in large volume and is an effective means of enhancing the image quality of reflective LCDs.
